T h e end-of-range defects for Si, P, Ge, a n d As i m p l a n t a t i o n s were e v a l u a t e d b y t r a n s m i s s i o n electron m i c r o s c o p y over a r a n g e of i m p l a n t doses. T h e results for P a n d As closely t r a c k e d t h o s e for Si a n d Ge, respectively. As t h e i m p l a n t dose is increased, t h e defects increase slightly for Si a n d P b u t significantly for t h e h e a v i e r G e a n d As atoms. F o r i m p l a n t doses j u s t a b o v e t h e critical value for a m o r p h i z a t i o n , t h e defect c o n c e n t r a t i o n for t h e lighter Si a n d P a t o m s is a b o u t five t i m e s as great as for t h e Ge a n d As. T h e a d v a n t a g e of u s i n g low dose Ge p o s t a m o r p h i z a t i o n is discussed.
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I n a series of p a p e r s (1-6) t h e a u t h o r s h a v e r e p o r t e d on a c o n t i n u i n g investigation into t h e origin of defects in ion i m p l a n t e d silicon. T h e aim of this i n v e s t i g a t i o n h a s b e e n to d e v e l o p m e a n s of a p p l y i n g ion i m p l a n t a t i o n to t h e ever s h r i n k i n g i n t e g r a t e d circuit structures.
F o l l o w i n g i m p l a n t a t i o n it has b e e n f o u n d t h a t a low temperature, e.g., 550~ r e g r o w t h a n n e a l is effective in conv e r t i n g a m o r p h o u s (~) layers b a c k to single crystallinity as well as electrically activating t h e i m p l a n t e d i m p u r i t y a t o m s w i t h i n t h e ~ layer. T h e defects, r e m a i n i n g in t h e recrystallized structure, h a v e b e e n characterized as falling into five categories. Of t h e five categories of defects des c r i b e d (2, 4) this s t u d y was directed t o w a r d an u n d e rs t a n d i n g of t h e end-of-range or category II defects. T h e s e are g e n e r a t e d w h e n an a m o r p h o u s layer is p r o d u c e d a n d is f o u n d in t h e crystalline material j u s t b e y o n d t h e amorp h o u s -c r y s t a l l i n e (~/C) interface. By utilizing p r e a m o r p h ization, it is possible to avoid some of t h e other defect categories b u t in e a c h case, t h e y are r e p l a c e d b y c a t e g o r y II defects. I m p l a n t doses were c h o s e n sufficiently h i g h so t h a t a n surface layer was g e n e r a t e d to avoid t h e i n t r o d u c t i o n of category I a n d IV defects (2), b u t n o t so h i g h as to result in p e a k i m p u r i t y c o n c e n t r a t i o n s in excess of solid solubility. T h e latter h a s b e e n s h o w n to b e associated w i t h t h e introd u c t i o n of category V defects (4) a n d t h e accelerated solution of category II defects (5-7). This will limit t h e P imp l a n t s to t h e dose r a n g e of 1 • 1015-2 • 1015 c m -~ a n d t h e As doses to t h e r a n g e of 2 • 1014-2 • 1015 c m -2. F o r Si a n d Ge w i t h u n l i m i t e d miscibility in Si, we only h a v e lower limits of 1 • l0 ~5 a n d 2 • 1014 c m -2, respectively. F o r t h e s e elem e n t s we i n v e s t i g a t e d doses u p to 1 • 1026 c m -2.
Experimental Procedure
A series of 100 m m d i a m p-type (100) c o m m e r c i a l l y prep a r e d wafers w i t h a carrier c o n c e n t r a t i o n of 2 • 10 z5 c m -3 were i m p l a n t e d with Si a n d P at 50 k e V a n d with Ge a n d As at 100 keV. T h e s e i m p l a n t a t i o n s all gave very similar i m p u r i t y d i s t r i b u t i o n s for t h e s a m e dose. I m p l a n t a t i o n s were carried out w i t h a c o m m e r c i a l ion i m p l a n t e r u s i n g t h e Waycool fixture (1), w h i c h circulated r o o m t e m p e r ature freon to m o r e efficiently e x t r a c t t h e h e a t g e n e r a t e d b y t h e ion i m p l a n t a t i o n . F o r t h e Ge, P, a n d As i m p l a n t a t i o n s , t h e b e a m c u r r e n t was m a i n t a i n e d at 280 + 5 ~A. T h e s e c o n d i t i o n s h a v e b e e n s h o w n to repress d y n a m i c a n n e a l i n g (1) . F o r t h e Si an e v e n lower b e a m c u r r e n t was m a i n t a i n e d . After i m p l a n t a t i o n t h e wafers were a n n e a l e d at 550~ for 3h. E x a m i n a t i o n s h o w e d t h a t t h e m i l k y a p p e a r a n c e of t h e surface a m o r p h o u s layer h a d disappeared. It w o u l d b e very useful to describe t h e n a t u r e of t h e defects in t h e asi m p l a n t e d or in t h e 550~ r e g r o w n material. F o r Waycool fixturing, w h e r e d y n a m i c a n n e a l i n g is s u p p r e s s e d , t h e discrete defects are too small to detect b y s t a n d a r d t r a n s m i s -* Electrochemical Society Active Member. we could o b s e r v e a p a t t e r n of defects w i t h s t a n d a r d TEM. We h a v e u s e d this h e a t -t r e a t m e n t prior to T E M s p e c i m e n preparation.
P l a n -v i e w a n d cross-sectional T E M s p e c i m e n s were prep a r e d a n d e x a m i n e d . P l a n -v i e w m i c r o g r a p h s were t a k e n u n d e r d a r k field c o n d i t i o n s u s i n g a g040 t w o -b e a m reflecting c o n d i t i o n a n d are at t h e magnification labeled in Fig. 3 . T h e cross-sectional T E M m i c r o g r a p h s were t a k e n u n d e r bright-field c o n d i t i o n s u s i n g a g220 t w o -b e a m reflecting c o n d i t i o n at t h e magnification labeled in Fig. 2 .
Experimental Results
F i g u r e 1 illustrates t h e c h a n g e in c o n c e n t r a t i o n of category II loops with dose for t h e Si a n d Ge i m p l a n t s used. We n o t e for t h e Ge i m p l a n t s t h a t t h e c o n c e n t r a t i o n of category II loops increases m o n o t o n i c a l l y w i t h dose from a c o n c e n t r a t i o n of 7 • 109 c m -2 for 2 • 1024 G e c m -2 to 7 • 101~ c m -2 for 1 • 10 z6 Ge c m -2. F o r t h e Si i m p l a n t s we find significantly less c h a n g e over t h e dose r a n g e s t u d i e d f r o m 1 • 1015 to 1 • 1016 Si c m -3. This indicates t h a t for prea m o r p h i z a t i o n , a dose j u s t a b o v e t h e m i n i m u m dose for g e n e r a t i n g a c o n t i n u o u s surface a-layer will give t h e lowest end-of-range defect concentration. We find for this dose t h a t t h e c o n c e n t r a t i o n of end-of-range defects for t h e Si i m p l a n t a t i o n is five t i m e s as great as t h a t for t h e i m p l a n t ation of t h e heavier Ge atoms. This r e p r e s e n t s a n a d v a n t a g e for t h e use of Ge over Si for p r e a m o r p h i z a t i o n .
F i g u r e 2, c o n t a i n i n g a cross-sectional T E M m i c r o g r a p h t a k e n after solid-phase epitaxial g r o w t h of t h e surface a m o r p h o u s layer a n d a 30 m i n a n n e a l at 900~ confirms t h a t only category II defects are g e n e r a t e d a n d t h a t t h e s e those of Si. This suggests that the ion mass plays the significant role in determining the nature of category II dislocation loop formation. lie at a distance just beyond the position of the a/C interface formed on implantation. Figure 3 illustrates, in plan-view T E M micrographs, that As implantations like those of Ge also display a significant increase in category II loops with dose. Over the limited dose range of 1 x 101~-2 x 1015 P c m -2 we found that the category II loop concentration for P, like that for Si, does not change greatly.
We note that the characteristics of category II loop formation exhibited by As implantations closely follow those of Ge, while the characteristics of P implantations track
Role of Implant Temperature
In a previous study (3) for implantations using Waycool fixturing, we showed that the depth of the a/C interface corresponded to the deposition of a critical damage density which was referred to as the transition damage density (TDD). The TDD for As implantation was 2.5 x 1020 keV c m -~, for P implantation it was 1.0 x 10 ~1 keV cm -3. Later the depth of the surface ~ layer for identical P and As implantations into Waycool fixtured and liquid N2 cooled silicon wafers were compared. Over a range of implant doses it was found, consistent with the experience of n u m e r o u s investigators, that implantation into cryogenically cooled silicon wafers results in a significantly thicker a-layer than implantation into a wafer at room temperature. For the 1 x l0 ts c m -2 P implants, the TDD for the liquid N2 temperature was found to be less than half of the value found for the Waycool r o o m temperature implantation (8) . Figure  4 illustrates the end-of-range defects found in the Pimplanted wafers described above. We note, however, that the reduction in the quantity of category II defects is by at Fig. 3 . Plan-view TEM micrographs for As implantations at 100 keV after 30 min anneal at 900~ (a, left) 2 x 1014 As cm -~ and (b, right) 2 x 101SAscm -2. Fig. 4. Plan-view TEM micrograph for 1 x 10 ~s P cm -2 implant at 100 keV (a, left) at liquid N2 temperature and (b, right) using Waycool fixture least an order of magnitude. This has been previously noted (9) and is much more than is predicted solely by the reduction of the amount of damage deposited in the crystalline substrate just beyond the a/C interface.
Discussion
The use of Si and Ge implants for pre-and postamorphization is characterized by the generation of category II defects. For light ion implants, the use of Ge preamorphization at doses just exceeding that required to form a surface a-layer is indicated. This would result in the lowest level of category II defects, as has been indicated (10). For room temperature heavy ion implantation at higher doses, our study indicates we could expect a high concentration of category II defects. Our results suggest that the heavy category II defect density resulting from a high dose As implant could be reduced by an order of magnitude by using a low dose Ge postamorphization process. A thermally stable, low-leakage-current, self-aligned titanium silicide junction has now been fabricated. Ar § sputter etching of Si substrate prior to Ti film deposition followed by two-step rapid thermal annealing in N2 ambient are essential for realization of thermal stability up to 900~ in the titanium silicide layer. It is confirmed that the Ar § sputter etching can reduce oxygen contamination at the Ti/Si interface. Consequently the titanium silicide layer could be kept extremely flat, with 60 n m thickness with specific resistivity of 19.3 ~ll. cm, even after 900~ 30 min annealing. The junction leakage current was less than 2.1 n A . cm -2 at reverse bias of 5.0V for n+/p junction.
In sub-micron VLSI fabrication, junctions of both shallow depth (=< 0.2 ~m) (1) and low sheet resistance are required. TiSi2 is an attractive material for self-aligned silicide junction technology (2) for future VLSI fabrication because it has the lowest resistivity among all refractory metal silicides. However, TiSi2 has a high-temperature process limitation. The morphology of TiSi2 films easily degrades (3, 4) , and junction leakage currents increase (4) after annealing at temperatures above 900~ Titanium silicide junctions having good electrical properties have been reported; however, thermal treatments after the silicidation were rapid thermal annealing (5, 6) or furnace annealing at 800~176 (7) . Recently, many studies have focused on lowering the annealing temperature required for removing defects in source/drain regions of MOSFETs, B P S G melt flow for planarization, and so on. However, we believe that realization of thermally stable silicide junctions up to 900~ for 30-60 min can ease the limitation on processing sub-micron VLSIs. Furthermore, to realize three-dimensional LSIs, which entail fabricating upper-layer LSIs on lower-layer ones, thermal stability up to 900~ is urgently required (8) .
In this work, it was confirmed that the thermal stability of TiSi2 films formed on single-crystalline silicon substrates by solid-phase reaction was dependent on their formation processes. Moreover, we have found a formation condition in which these silicide junctions maintained excellent electrical properties while bringing about no morphological degradation of TiSi2 films, even up to 900~ for 30 min annealing.
Experimental
The sample fabrication flow of this work is shown in Fig. 1 . Unpatterened, (100)-oriented, 6-in.-diam p-type Si wafers with a resistivity of 12 gl 9 cm were used for the substrates. These wafers were cleaned in H2SO4 + H202 solution. A native oxide layer was removed by dipping in HF solution, just prior to loading into a sputter deposition chamber with a base pressure of 7 • 10 -6 Pa. An Ar § RF sputter etching was performed immediately before Ti film (35 nm) deposition by the dc magnetron sputtering method at room temperature. The Ar § RF sputter etching removed the equivalent of 7 to 9 nm of thermal SIO2. Then Si § implantation was performed at 40 keV with a dose of 5 • 10 is cm -2 for mixing of Ti/Si-substrate interfaces. After cleaning in HNO3 at room temperature, a self-aligned silicidation was performed by a two-step rapid thermal annealing (RTA) using A.G. Associates Heatpulse Model 2106 halogen-lamp annealer. A first silicidation was done at 625~ for 60s in N2 ambient (first step RTA), and then the titanium nitride layer formed at the surface was removed selectively by an etchant of H2SO4 + H202, leaving the ti-
